Mutations in the NF1 tumor suppressor gene cause neurofibromatosis type 1, a pandemic autosomal dominant genetic disorder with an incidence of 1:3000. Individuals with NF1 have a variety of malignant and nonmalignant manifestations, including skeletal manifestations, such as osteoporosis, scoliosis and short statures. However, the mechanism(s) underlying the osseous manifestations in NF1 are poorly understood. In the present study, utilizing Nf1 haploinsufficient (1/2) mice, we demonstrate that Nf11/2 mesenchymal stem/progenitor cells (MSPC) have increased proliferation and colony forming unit-fibroblast (CFU-F) capacity compared with wild-type (WT) MSPC. Nf11/2 MSPC also have fewer senescent cells and have a significantly higher telomerase activity compared with WT MSPC. Nf11/2 MSPC have impaired osteoblast differentiation as determined by alkaline phosphatase staining, and confirmed by single CFU-F replating assays. The impaired osteoblast differentiation in Nf11/2 MSPC is consistent with the reduced expression of osteoblast markers at the mRNA level, including osteocalcin and osteonectin. Importantly, re-expression of the full-length NF1 GTPase activating related domain (NF1 GAP-related domain) is sufficient to restore the impaired osteoblast differentiation in Nf11/2 MSPC. Taken together, our results suggest that neurofibromin plays a crucial role in modulating MSPC differentiation into osteoblasts, and the defect in osteoblast differentiation may contribute at least in part to the osseous abnormalities seen in individuals with NF1.
INTRODUCTION
Neurofibromatosis type I (NF1) is a common autosomal dominant genetic disorder with a prevalence of 1 in 3000 individuals worldwide (1, 2) . NF1 occurs as a consequence of mutations in the NF1 tumor suppressor gene, which encodes the Ras-GTPase activating protein (Ras-GAP), neurofibromin. Neurofibromin functions as a molecular switch that negatively regulates the activation of p21Ras proteins by accelerating intrinsic Ras-guanosine triphosphate (GTP) activity to the inactive Ras-guanosine dephosphate (GDP) state. Ras is at the apex of multiple signaling pathways, including the MEK/ERK and PI3-K pathways, which modulate multiple cellular functions, such as cell proliferation, differentiation and survival (3, 4) .
NF1 functions as a GTPase in mesothelial-derived tissues including fibroblasts (5, 6 ) and osteoprogenitor cells (7) , which are relevant to skeletal development. Individuals with NF1 suffer from a variety of non-malignant, debilitating manifestations, including café-au-lait macules, benign cutaneous neurofibromas and learning disabilities (8, 9) . In addition, up to 50% of NF1 patients suffer from a variety of skeletal manifestations, including short stature, osteoporosis, pseudoarthrosis of the tibia, kyphoscoliosis and sphenoid wing dysplasia (10 -14) . Recent clinical studies provide evidence that individuals with NF1 are at significant risk for both # The Author 2006. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Tel: þ1 3172744178; Fax: þ1 3172748679; Email: fyang@iupui.edu Human Molecular Genetics, 2006, Vol. 15, No. 19 2837-2845 doi:10.1093/hmg/ddl208 Advance Access published on August 7, 2006 generalized (13,15 -17) and focal skeletal abnormalities (16, 18) , and suggest that the pathogenesis of the osseous manifestations in NF1 may involve impaired development of the skeletal system and impaired maintenance of bone structure (13) . Although precise pathology underlying the localized skeletal abnormalities is incompletely understood, surgical attempts to repair these focal skeletal abnormalities often fail due to non-union and/or pseudoarthrosis of the healing bones. Although clinical observations provide support to suggest that generalized mechanisms regulating the generation and remodeling of bone are impaired.
Functional defects in differentiated bone cells or impairment in the self-renewing osteoprogenitor cells may underlie the cause of abnormal bone development, fragility and lowered fracture threshold in the adult skeleton due to perturbations in key biochemical signaling pathways required to maintain bone competence in NF1 (19) . In some human diseases and murine disease models with similar skeletal manifestations as NF1, defects in osteoprogenitor proliferation as well as osteoblast differentiation and function are frequently observed (7, 20) . Osteoblasts originate from pluripotent mesenchymal stem/progenitor cells (MSPC) of the bone marrow (21, 22) . MSPC are multipotent stem cells that have the ability to give rise to a variety of mesoderm-derived cells, including osteoblasts, chondrocytes, adipocytes and muscle cells. Studies by Horwitz et al. have shown that allogeneic mesenchymal cells offer feasible post-transplantation therapy for osteogenesis imperfecta and likely other disorders originating in mesenchymal precursors (23, 24) .
Recent insights into the normal physiology of bone formation and remodeling, the development of murine models of NF1 and an increasing understanding of the potential cellular effects of haploinsufficiency of NF1, facilitate a detailed evaluation of the pathological mechanisms underlying skeletal disease in NF1. In the present study, utilizing cells derived from Nf1þ/2 mice, we investigated the role of neurofibromin in regulating the differentiation of MSPC into osteoblast and chondrocyte lineages. Our study indicates that haploinsufficiency of Nf1 in MSPC leads to impaired osteoblast differentiation. The deficiency in osteoblast differentiation reported herein in part is responsible for the osseous abnormalities observed in NF1 patients.
RESULTS

Nf11/2 mice have increased colony forming unit-fibroblast (CFU-F)
To examine whether MSPC express neurofibromin, western blot was performed to check the protein level of neurofibromin. MSPC from WT cultures demonstrate neurofibromin expression (Fig. 1A) . In contrast, a significant reduction of neurofibromin expression was observed in Nf1þ/2 MSPC. We next evaluated the frequency of Nf1þ/2 MSPC in bone marrow by CFU-F assays. A 2-fold increase in the frequency and total number of Nf1þ/2 CFU-F was observed compared with WT controls (Fig. 1B and C) . Consistently higher numbers of CFU-F were seen over a range of input cells from Nf1þ/2 mice compared with WT controls as shown quantitatively (Fig. 1D ) and qualitatively by photomicroscopy (Fig. 1E) . The size of CFU-F derived from Nf1þ/2 and WT bone marrow was also quantified based on the cell number in each colony, i.e. 50-100 cells/colony, 100 -1000 cells/colony as well as over 1000 cells/colony. A significant increase in the number of colonies containing 50 -100 cells and 100 -1000 cells was detected in Nf1þ/2 cultures compared with cultures containing WT cells (Fig. 1E) . The average size of CFU-F was also significantly larger in cultures derived from Nf1þ/2 mice compared with WT controls utilizing a micrometer inside the objective lens of a microscope (Fig. 1F, 2 .7 + 1.2 mm versus 2.1 + 0.7 mm, respectively, Ã P , 0.01). These data indicate that Nf1 haploinsufficient mice have an increased frequency and total number of MSPC, which give rise to larger CFU-F compared with WT controls.
Nf11/2 MSPC display an increased proliferative potential compared with WT MSPC
The phenotype of MSPC derived from WT and Nf1þ/2 mice was evaluated by examining the expression of a range of cell surface markers unique to MSPC ( Fig. 2A) . Consistent with previous studies (25) , both WT and Nf1þ/2 MSPC are negative for the expression of CD45 and CD117, but positive for the expression of CD29, CD105, CD49e, ColIA and CD44. (Fig. 2C) . Together, these results indicate that haploinsufficiency of Nf1 promotes the proliferation of MSPC.
Haploinsufficiency of Nf1 modulates senescence and telomerase activity in MSPC Cellular senescence is associated with a loss of proliferative ability in response to mitogenic agents (26) . To test whether the increase in Nf1þ/2 proliferation was associated with a change in cellular senescence, a senescent assay was performed based upon histochemical staining for b-galactosidase activity (27) . A significant reduction in the number of b-galactosidase positive cells was observed in Nf1þ/2 MSPC compared with WT MSPC (Fig. 3A) . The quantitative results indicate that nearly 35% of WT MSPC were senescent and b-galactosidase positive. In contrast, only 5% b-galactosidase positive senescent cells were observed in Nf1þ/2 cultures (Fig. 3B) . Collectively, these results suggest that the increased proliferation in Nf1þ/2 MSPC is associated with a decrease in the senescent activity of these cells as compared with WT controls.
Telomerase activity has been demonstrated to reflect the proliferation and differentiation status of cells (28) . Given that Nf1þ/2 MSPC have increased proliferation, we then measured telomerase activity in WT and Nf1þ/2 MSPC utilizing a sensitive polymerase chain reaction-(PCR) based ELISA detection method (29) . Consistently, higher levels of telomerase activity were detected in Nf1þ/2 MSPC as compared with WT MSPC (Fig. 3C ). These data indicates that haploinsufficiency of Nf1 results in down-regulation of the senescent activity and increased telomerase activity, which leads to the increase in Nf1 þ /2 MSPC proliferation, indicating an important role of Nf1 in modulating MSPC proliferation.
Haploinsufficiency of Nf1 alters MSPC differentiation in vivo and in vitro
One of the most important features of MSPC is their ability to differentiate into multiple cell types, including osteoblasts and chondrocytes. WT and Nf1þ/2 bone marrow mononuclear cells (BMMNCs) were cultured under conditions that promote the maturation of osteoblasts and chondrocytes. Osteoblasts from WT controls displayed strong alkaline phosphatase (ALP) activity ( Figure 4B . A significant reduction in the number of CFU-ALP was observed in Nf1þ/2 mice as compared with that in WT mice. In addition, the chondrocyte differentiation assay revealed that the CFU-F from both WT and Nf1þ/2 mice expressed Alcian blue positive nodules, and no significant difference was found between the two genotypes (data not shown). Data from the differentiation assay suggests that haploinsufficiency of Nf1 in MSPC impairs osteogenic differentiation, but not chondrocyte differentiation. Differential mRNA expression of WT and Nf11/2 MSPC To confirm the role of Nf1 in MSPC differentiation, expression of osteogenic-specific genes, including osteocalcin and osteonectin, was examined in both WT and Nf1þ/2 MSPC (Fig. 5) . Osteocalcin mRNA expression was detected at the end of week 1 and week 4 in WT MSPC cultures. Strikingly, no osteocalcin mRNA expression was detected in Nf1þ/2 cells at week 1, and low levels were observed in Nf1þ/2 cultures at week 4. Osteonectin mRNA, another marker for osteogenic differentiation, was consistently reduced in Nf1þ/2 cells compared with WT MSPC. MSPC differentiation into chondrocytes was examined by assessing mRNA expression of collagen I, collagen II and Aggreacan. Despite low expression of Aggreacan mRNA in the Nf1þ/2 cells at week 1, similar expression of Aggreacan mRNA was observed in WT and Nf1þ/2 MSPC at week 4. The expression of collagen I and collagen II was similar in WT and Nf1þ/2 MSPC at weeks 1 and 4. These results support the observation that haploinsufficiency of Nf1 in MSPC affects osteogenic differentiation, but not the emergence of chondrocytes.
Differentiation of single CFU-F replating assay (SCRA)
Most MSPC studies are based on bulk cell cultures. Smith et al. (30) established a single cell colony assay utilizing human bone marrow-derived MSCs, which permitted analysis of the differential clonal potential of small stem-like cells to differentiate into osteoblasts in vitro. Similarly, in the present study, we developed a colony-replating assay to understand whether single CFU-F displays the potential to differentiate into multiple lineages (Fig. 6 ). As shown in Table 1, 24 individual colonies picked from six WT marrow cultures were able to generate osteoblasts or chondrocytes. However, in Nf1þ/2 cultures, 11 out of 24 colonies were able to differentiate into osteoblasts, whereas 24 out of 24 colonies were able to differentiate into chondrocytes. Our study indicates that MSPC from WT mice have the potential to differentiate into osteoblasts as well as chondrocytes. However, haploinsufficiency of Nf1 in MSPC leads to impairment in osteogenesis.
Expression of Nf1 GAP-related domains into Nf11/2 MSPC increases osteoblast differentiation
Haploinsufficiency of Nf1 results in Ras hyperactivation in multiple lineages (4 -6,31-36) . We next assessed the Ras activity by Raf pull down assay in Nf1þ/2 MSPC following 24 h of starvation. Our results show that Nf1þ/2 MSPC have increased Ras activity at baseline as compared with WT MSPC (Fig. 7A) . Ras activity also increased after stimulation with 10% fetal bovine serum (FBS). To determine whether reduced osteoblast differentiation in Nf1þ/2 MSPC is directly related to altered p21ras activity, WT and Nf1þ/2 MSPC were transduced with a recombinant retrovirus encoding full Differentiation efficiency of CFU-F. The CFU-Fs were picked up from six WT and six Nf1þ/2 cultures from individual mouse, and each CFU-F was divided into two different cultures, and differentiation of osteoblast or chondrocyte was evaluated. Ã P , 0.001 for Nf1þ/2 versus WT cultures. 2840
length NF1 GAP-related domain (GRD) and a selectable marker, pac, selected in puromycin, and subjected to culture for further osteoblast differentiation. In contrast to Nf1þ/2 MSPC expressing MSCV-pac alone, expression of NF1 GRD in Nf1þ/2 MSPC increased osteoblast formation (Fig. 7B) . The hyperactivation of Ras in Nf1þ/2 MSPC at baseline was reduced after re-expression of NF1 GRD (Fig. 7C) . The restored osteoblast differentiation is consistent with the normalized Ras GTP activity observed in Nf1þ/2 MSPC following transduction of NF1 GRD. Thus, increased p21ras activity is directly linked to impaired osteoblast formation in Nf1þ/2 MSPC.
DISCUSSION
The detection of somatic mutations in the residual normal NF1 allele within the tumors of individuals with NF1 is consistent with NF1 functioning as a tumor-suppressor gene. However, evidence in selected lineages (4 -6,31,37) now indicates that analogous to recent discoveries in p53 (38) and p27 (39) gene dosage effects of NF1 alter cell fates and functions. The majority of recent studies examining Nf1 haploinsufficiency have focused on the role of NF1 in modulating the tumor microenvironment of plexiform neurofibromas and optic gliomas (4 -6,31 -36). However, both clinical data from NF1 patients and experimental studies in Nf1þ/2 mice support the hypothesis that haploinsufficiency of NF1 (Nf1) results in a range of non-malignant phenotypes, including cerebrovascular disease (40) , renal vascular hypertension (41 -43) and osseous abnormalities (10,13 -15,17,44) , suggesting that haploinsufficient NF1 contributes to pathogenesis in multiple lineages. Our present study sought to understand the role of haploinsufficiency of NF1 (Nf1) in disrupting normal MSPC differentiation. Given that osteoblasts are the progeny of MSPC, we utilized primary MSPC to understand the mechanism underlying the pathological changes in the bone of NF1 patients. The Nf1þ/2 mouse model is a useful tool to understand the role of Nf1 in modulating the biological functions and differentiation of MSPC. Utilizing Nf1þ/2 mice, MSPC were cultured from BMMNCs followed by evaluation of proliferation and differentiation. We found that haploinsufficiency of Nf1 promotes MSPC proliferation, but impairs osteoblast differentiation. Given that telomerase activity has been shown to be associated with cellular proliferative potential in cultured cells and is reduced when a variety of cultured cell types are induced to differentiate in vitro (28, 45) , the elevated proliferation observed in Nf1þ/2 MSPC in vitro is consistent with the elevated telomerase activity. In addition, the decreased senescence in Nf1þ/2 MSPC is consistent with an increased proliferation and decreased differentiation. Recently, several groups have reported a spontaneous transformation occurring after a long-term in vitro culture of human and murine MSPC (46, 47) . Given that cells proliferate rapidly after passage 5 in WT and Nf1þ/2 MSPC in our study, we performed anchorage-independent soft agar colony assay to check if the MSPC became transformed. No colonies were observed in passage 8 and passage 14 MSPC from WT or Nf1þ/2 cultures (data not shown). Thus, by one assay, MSPC do not appear to transform under our culture condition through 14 cell passages.
Increasing evidence indicates that MSPC have the potential to differentiate into multiple cell lineages, including osteoblasts and chondrocytes (30, 48) . We report that haploinsufficiency of Nf1 in MSPC induces an impaired differentiation into osteoblasts compared with WT MSPC. Osteoblastic markers progressively increase at the mRNA level during osteoblastic cell differentiation (49); however, decreased mRNA expression of two osteoblast markers, osteocalcin and osteonectin, was observed in Nf1þ/2 MSPC as compared with WT cells. Yu et al. (7) recently reported that Nf1þ/2 mice have less periosteal and endocortical bone formation with significant differences in endocortical percent mineralized bone surface representing active bone forming area and a significantly reduced bone formation rate relative to bone surface area as compared with WT mice. This impaired bone formation in vivo may be related to the impaired osteoblast differentiation from MSPC in vitro in Nf1þ/2 mice reported herein. Though osteoblasts lineage has impaired differentiation emerging from Nf1þ/2 MSPC, normal differentiation of the chondrocyte lineage, another lineage arising from Nf1þ/2 MSPC, was observed with similar levels of expression for three chondrocyte markers-collagen I, collagen II and Aggreacan, as compared with that in WT cells. These results indicate that haploinsufficiency of Nf1 regulates osteoblast differentiation from MSPC but not chondrocyte differentiation.
Cycling multipotential progenitor cells from bone marrow have been identified as those cells that undergo 40 or more population doublings (50) . Few studies have examined the clonogenic behavior of MSPC in vitro. Here, we utilized SCRA which allowed us to detect the differentiation capacity from a single CFU-F colony. Our results suggest that single CFU-F display multiple lineage differentiation potential. Using this method, we report that loss of a single Nf1 allele in MSPC diminishes MSPC differentiation into osteoblasts. Precisely how haploinsufficiency of Nf1 alters MSPC differentiation remains uncertain, but clearly the relative levels of important transcription factors necessary for osteoblast differentiation were altered. A detailed transcriptional comparison of WT and Nf1þ/2 MSPC may be informative.
Neurofibromin, the protein encoded by NF1, functions as a GAP for p21Ras by accelerating the hydrolysis of active p21Ras-GTP to inactive p21Ras-GDP (36,51 -53) . We and others have shown that neurofibromin-deficient mast cells have increased p21ras activity in response to multiple hematopoietic cell growth factors, which is directly linked to increased proliferation (35,52 -55) . Nose et al. (56) has previously shown that overexpression of Ras and MAP kinase was associated with suppression of c-fos, whose up-regulation is required for normal osteoblast functions. Consistent with our and other previous studies in different cell lineages, Nf1þ/2 MSPC have increased Ras-GTPase activity. Re-expression of GRD in Nf1þ/2 MSPC restored the impaired osteoblast differentiation defect, indicating that the reduced osteoblast differentiation is directly associated with the hyper Ras activity.
In conclusion, our study indicates that loss of a single allele of Nf1 in MSPC results in impaired osteoblast differentiation, which is mediated by hyper Ras activity, implying an important role of neurofibromin in regulating osteoblast differentiation. The impaired osteoblast differentiation may be associated with the osseous manifestations found in NF1 patients. Further study of the molecular and biochemical pathway(s) of neurofibromin in modulating MSPC differentiation may help elucidate a better understanding of the pathophysiology underlying the malignant and non-malignant manifestations of this common genetic disorder.
MATERIALS AND METHODS
Animals and materials
Nf1þ/2 mice were obtained from Dr Tyler Jacks at the Massachusetts Institute of Technology (Cambridge, MA, USA) in a C57BL/6J.129 background and backcrossed for 13 generations into a C57BL/6J strain (57) . Nf1þ/2 mice were genotyped by polymerase chain reaction (PCR) as previously described (4) . These studies were conducted with a protocol approved by the Indiana University Laboratory Animal Research Center using 4-8-week-old WT and Nf1þ/2 mice. Chemicals were purchased from Sigma (St Louis, MO, USA) unless otherwise stated.
Isolation and expansion of MSPC
Bone marrow cells were collected from 4 to 8-week-old WT and Nf1þ/2 mice by flushing the femurs and tibias with Iscove's MEM (Gibco-Invitrogen, Carsbad, USA) containing 2% FBS using a 21-gauge needle. BMMNCs were then separated by low-density gradient centrifugation (36) . Cells were then washed twice with Iscove's MEM and suspended in mouse MesenCult basal medium supplemented with MesenCult Supplemental (Stem Cell Technologies Inc., CA, USA). The cells were diluted to 2 Â 10 6 cells/ml and 10 ml of the single cell suspension was added into a 10 cm tissue culture plate as previously described (58) . The cells were plated into a flask at 2 Â 10 6 /ml in 10 ml of complete MesenCult medium. Once the culture reached 80 -90% confluency, cells were trypsinized and replated at 5 Â 10 5 cells/75 cm 2 . MSPC at passage 5 to passage 10 were used for the following experiments.
CFU-F assay
To measure the frequency of MSPC in bone marrow, CFU-F assay was performed as previously reported (58) . Briefly, different concentrations of BMMNCs as indicated in Figure 1C and D were plated into six-well tissue culture plates in triplicate for each condition in complete MesenCult medium and incubated at 378C, 5% CO 2 . At day 14 of the culture, media was removed, and each well was washed with PBS and stained with HEMA-3 quick staining kit (Fisher Scientific Company, VA, USA) according to the manufacturer's instruction. The plates were then rinsed in deionized water and air-dried. Colonies with more than 50 cells were counted microscopically at 40X amplification by a phase contract microscope. Colonies whose morphology clearly differed from the MSPC morphology were excluded from the results.
Proliferation assay
To examine the impact of neurofibromin in MSPC proliferation, we performed [ 3 H]thymidine incorporation assays. Briefly, MSPC from WT or Nf1 þ /2 mice were deprived of supplement for 24 h and 1 Â 10 4 cells were plated in 96-flat bottom well plates in 200 ml of a-MEM in a 378C, 5% CO 2 , humidified incubator. The cells were then cultured for 48 h, and [
3 H]thymidine was added to cultures 6 h prior to harvest with an automated cell harvester (96-well harvester, Brandel, Gaithersburg, MD, USA) and b emission was measured with a microplate scintillation counter (Packard Bioscience Company, Shelton, CT, USA). Assays were performed in triplicate. For growth curve, MSPC were plated into a flask at 2 Â 10 6 /ml in 10 ml of complete MesenCult medium. Once the culture reached 80-90% confluency, cells were trypsinized and replated at 5 Â 10 5 cells/75 cm 2 . Cell numbers were then recorded and plated at the same density each time. The fold increase of cells was calculated for each time point compared with the first point and the growth curve was plotted.
Senescent assay
Histochemical staining for b-galactosidase activity was utilized to measure the senescence of MSPC (27) . WT and Nf1þ/2 MSPC were plated in chamber slides at 
Telomerase activity assay
Telomerase activity was examined using a telomeric repeat amplification protocol (TRAP) TRAPeze Elisa telomerase detection kit (Chemicon, Temecula, CA, USA) according to the manufacturer's instructions (29) . Briefly, cell extracts were incubated with biotinylated telomerase substrate oligonucleotide at 308C for 30 min. The extended products were amplified by PCR using Taq polymerase (Amersham International), reverse primers and a deoxynucleotide mix containing dCTP labeled with dinitrophenyl (DNP). The conditions for the two-step PCR were 33 cycles of 948C for 30 s, and 558C for 30 s on a PTC-100 TM Programmable Thermal Controller (MJ Research, Inc.). The amplification products were immobilized on streptavidin-coated microtitre plates, and then detected by anti-DNP antibody conjugated to horseradish peroxidase. After addition of the peroxidase substrate (3,3 0 ,5,5 0 tetramethylbenzidine), the amount of TRAP product was determined by measuring the absorbance at 450 nm and 650 nm via fast kinetic mode for 100 s using an Lmax microplate luminometer and SoftMax Pro software (Molecular Devices, Sunnyvale, CA, USA). For negative controls, lysates were heat-treated by incubating at 858C for 10 min prior to the TRAP assay to inactivate telomerase. The activity was semi-quantified by ELISA as recommended by the manufacturer.
Analysis of surface markers expression
Antibodies for flow cytometry were purchased from BD PharMingen. MSPC were incubated with fluorescein isothiocyanate (FITC) anti-mouse CD44, R-phycoerythrin (R-PE)-conjugated anti-mouse CD49e, R-PE-conjugated antimouse CD29, purified anti-rat CD105 and anti-rat R-PE antibody. After 30 min of incubation at 48C, cells were washed three times with PBS containing 0.1% BSA and analyzed by fluorescence-activated cytometric analysis (Becton Dickinson, San Jose, CA, USA).
Differentiation assays
Osteogenic differentiation was analyzed by quantitation of mineral deposition. WT and Nf1 þ /2 BMMNCs were plated at 2 Â 10 6 /ml in osteogenic differentiation medium (MesenCult+Supplemental, 10 28 mol/l dexamethasone, 5 mg/ml ascorbic acid 2-phosphate and 10 mmol/l b-glycerophosphate) and maintained for 2 weeks, followed by ALP activity assays. Briefly, cells were fixed in citrate-buffered acetone for 30 s, incubated in alkaline-dye mix for 30 min and counter-stained with Mayer's Hematoxylin for 10 min. Cells were then evaluated microscopically, and the intensity of ALP staining was recorded.
To induce chondrogenic differentiation, BMMNCs were maintained in chondrogenic differentiation medium (MesenCult þ Supplemental, 10 28 mol/l dexamethasone, 5 mg/ml ascorbic acid 2-phosphate, 10 mmol/l b-glycerophosphate and 10 ng/ml TGFb3) for 4 weeks. Cells were then fixed in 4% paraformaldehyde in PBS for 30 min at room temperature, washed with PBS and incubated with 1% Alcian Blue in 0.1 M HCl (pH 1.0). Chondrogenic cells were visualized as blue-stained cells under the microscope.
To determine the differentiation potential of WT and Nf1þ/2 MSPC, an SCRA was performed. Briefly, 5 Â 10 5 cells/well in a six-well plate was seeded for CFU-F culture as described earlier. Two weeks after the culture, single CFU-Fs were picked up individually by adding EDTA -trypsin for 5 min and stopped by adding 10% FBS, and transferred into each Eppendrof tube. The cells from the single colony were then divided among two tubes, and plated to two different wells osteogenic and chondrogenic differentiation medium in a 48-well plate. Four weeks later, the cells were stained for specific differentiation markers as described earlier. Twentyfour individual colonies were picked from each genotype for the analysis.
Reverse-transcriptase polymerase chain reaction (RT-PCR)
MSPC were incubated in differentiation medium and total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA, USA) to purify total RNA and 100 ng RNA was used for each reaction. RT-PCR was performed using Qiagen one step RT-PCR kit according to the manufacturer's instruction at week 1 and week 4. The PCR products were resolved on a 1.2% agarose gel. The primers used were GTAGCCATC CAGGCTGTGTTGTC, ACAGCACTGTGTTGGCATAGAG G for b-actin; Osteopontin TCACCATTCGGATGAGTCTG, ACTTGTGGCTCTGATGTTCC 437 bp (59); Osteonectin AGCGCCTGGAGGCTGGAGAC, CTTGATGCCAAAGCA GCCGG 269 bp HM; Osteocalcin TCTGCTCACTCTGCT GAC, GGAGCTGCTGTGACATCC 388 bp (60); Type I collagen GAAGTCAGCTGCATACAC, AGGAAGTCCAGGCT GTCC 313 bp (60); Type II collagen GCCTCGCGGTGAG CCTGATC, CTCCATCTCTGCACGGGGT, IIA: 472 bp (61), IIB: 268 bp; Aggreacan CCAAGTTCCAGGGTCACTG TTACCG, TCCTCTCCGGTGGCAAAGAAGTTG 271 bp (61) . All the primers were synthesized by Sigma.
Generation of recombinant retroviral plasmids and retroviral transduction of MSPC
Previously developed recombinant retrovirus constructs were used in these studies (53) . The internal sequences of these constructs are under the transcriptional control of the myeloproliferative sarcoma retrovirus promoter. Constructs also contain a puromycin resistance gene, pac, which is under the transcriptional control of the phosphoglycerate kinase (PGK) promoter. Two viruses were used in these experiments: a virus expressing the full-length NF1 GTPase activating related domain (NF1 GRD) and pac (MSCV-NF1 GRD-pac) and a virus expressing the selectable marker gene alone (MSCV-pac). The transduction protocol has been previously Human Molecular Genetics, 2006, Vol. 15, No. 19 2843 described and was used here with minor modifications (53) . Briefly, MSPC were cultured in liquid cultures of MesenCult þ Supplemental and transduced with either MSCV-NF1GRD or MSCV-Pac (control), and puromycinresistant cells were selected after 3 days.
Detection of p21Ras-GTP levels MSPC were deprived of serum for 24 h and collected with or without 10% FBS stimulation for 5 min. p21Ras activation was subsequently determined using p21Ras activation assay kits (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's protocol and as described previously (53) .
Statistical analysis
Student's t-test and x 2 analysis was used to evaluate statistical differences between WT and Nf1þ/2 MSPC. Statistical significance was defined as P , 0.05.
